In this paper, we present a high order sliding mode controller of a DC motor drive connected to a multi-cellular converter. More specifically, we design a second order (super twisting) control algorithm for the speed regulation of a DC motor. For this, a switching control for the multi-cellular converter is derived in order to supply the correct reference value for the speed regulation. A practical implementation of the controller is realised using a laboratory set-up. The performance and the validity of the controller are shown experimentally.
Introduction
Control design techniques based on sliding modes have received considerable attention from researchers and engineers due to their intrinsic robustness (under certain conditions) and to the relative ease of implementation. Being discontinuous, this type of feedback is particularly well adapted for electric drive control. In effect, for technological reasons, the inputs for such systems are generally binary electrical signals; that is, they are naturally discontinuous. For more theoretical and practical descriptions the reader is invited to refer to some standard textbooks and articles on the subject, such as (Guldner et al., 1999) , (Floquet at al., 2000) , (Shyu and Lai, 2002) , (Sira Ramirez and Ngai 2001) , (Djemai and Barbot, 1999 and , (Levant, 1998) , (Emel'yanov et al., 1986) , (Fridman and Levant, 1996) , (Barbot, and Perruquetti, 2002) , (Defoort et al., 2009 ) and (Laghrouch et al., 2007) just to mention a few. From a practical point of view, the control algorithms for electric drives are generally implemented via power converters using pulse width modulation (PWM).
The main objective of this work is to show that the multicellular converter (developed by LEEI Laboratoryactually LAPLACE Laboratory- (Meynard, and Foch, 1992) ) is a typical example for which sliding mode control laws can be implemented (Utkin, 1992) . In order to highlight the importance of using multi-cellular converters together with sliding modes, we shall only consider purely discontinuous control laws without using PWM algorithms. The serial multi-cellular converter enables the realisation of a safe assembly of power electronics components in cascade and operating in commutation. This new approach presents two additional advantages: the possibility of a modular construction and the possibility of using low cost and readily available components.
It is worth mentioning that in (Beaudesson, 2000) , and (Bethoux, O., 2008) it was shown that, unlike standard converters, the serial multicellular converters have a longer life span due to the fact that, within a sampling period, there is only one switch that is operational at a time if the control is well defined. All these features render this new topology of power electronics very appealing.
In this paper, we shall use the advantages obtained by the efficient use of the multi-cellular converter as a power interface between a sliding mode type control and a DC motor drive. Specifically, a high order sliding mode (super twisting) controller is applied to the DC motor (DCM) connected to a multi-cellular converter. To start with, in the next section, the multi-cellular converter model is given followed by the regulation of the voltages across the capacitors' terminals in Section 3. Section 4 is devoted to the application of the high order sliding modes while the practical implementation and experimental results are given in Section 5. Finally, some conclusions are given.
Modelling of the multi-cellular converter
The multi-cellular converter is a variable structure system whose configuration changes during operation. It is characterized by the choice of a particular function and a switching or commutation logic. This choice enables the system to switch from one structure to another at every instant of time. Figure 1 depicts the topology of a serial multi-cellular converter with p autonomous commutation cells (see Meynard and Foch, 1992) and (Meynard et al., 1997, and On the other hand, the constraint of having an equal distribution of the voltage on each cell induces (p-1) input references:
In addition, the applied voltage to the load is given by:
Let us define (p+1) distinct voltage levels (l/p)V source with  =0,…,p. The l th level is obtained by setting l cells among p to "1". Note that all the combinations are potentially required to realise a particular level. The voltages across the terminals of the capacitors are given by: 
Regulation of voltage across the capacitors' terminals
The main aim of static power converters is to adapt the energy between the source (E, I) and the load , ss VI with the best efficiency possible so as to have minimum energy loss between the source and the load. This reduced energy loss is very important in the sense that it fixes the size, efficiency and reliability of the converter. As mentioned before, the serial multi-cellular converter permits to realise a safe serial assembly of components operating in commutation. In addition, it increases the degree of freedom for control and allows the use of fewer specific components. Currently, the implementation of the control is based on PWM of the ratio of duty cycles issued from the controller by regularly spaced triangular carriers. Generally, this permits to realise a simple and effective control of the converter and its load. However, in other cases, it was shown that the controller might become unstable for certain duty cycles (Benmansour, 2009) , (Bethoux, 2008) , (Carrere, 1996) , (Gateau et al., 2002) , (Meynard et al., 1992 (Meynard et al., , 1997 .
Hence, it might be particularly interesting to make a converter with an arbitrary number of cells. First, because the choice of the number of semi-conductors components is largely determined by economical and technological constraints, as we have mentioned before. Next, because the serial multi-cellular converter has the ability of being reconfigured after a failure of one of its cells (Bethoux 2008) . Therefore, the main problem is to be able to ensure the continuity of the operation of the static conversion whenever the control algorithm must handle p-1 cells. The safe and proper functioning of the power converter directly depends on the suitable distribution of the voltages across each cell. That is why it is important to realise an internal regulation of the voltages across the terminals of the (p-1) capacitors. Our structure (Figure 2 ) is made of two legs, each leg consisting of 3 cells Thus, the state of the converter is determined by 6 control signals. Each leg can be controlled independently. Hence, it has to supply the necessary voltage in order to obtain the required value at the converter output. The dynamics of the converter is given by: 
One of the objectives of this work is to find a topology of the converter operating in four quadrants on the basis of a serial multi-cellular converter for the control of a DC motor using a single voltage source. In addition, this structure must allow magnetic braking. Finally, a control algorithm for the proposed structure is presented. The control algorithm is based on the redundancy of the states of the converter in order to obtain the different level of voltages at the converter output and at the terminals of the floating capacitors. This algorithm allows us to directly and independently use the different level of voltages of the converter.
The idea we tried was to set two multi-cellular converters in series as shown in Figure 2 . This configuration is physically realisable. For this structure, we consider the following cases:
-The output voltage of the first leg is greater than that of the second leg: the current is therefore positive (the motor turns in the right direction)
-The output voltage of the first leg is less than that of the second leg: the current is therefore negative (the motor turns in the reverse direction)
-The output voltage of the first leg is equal to that of the second leg: breaking takes place.
Control Algorithm
We are now going to derive a direct control of the converter. This control must preserve the correct voltage level across the capacitors whatever the direction of the current (motor or generator mode). The characteristics of serial multi-cellular converters offer the possibility to adjust and to regulate the voltages across the floating capacitors by acting directly on the control signals of the latter. Firstly, it is imperative to know all the possible states as well as the values of the floating capacitor's voltages and the level of the output voltages of the converter for each state. 
As it can be seen in Table 1 , each leg permits to generate four different voltage levels. In order to obtain a better precision during the control of the dc machine, we can generate ten (average) values of voltages from the four reference voltages
To generate these voltage values we divide the sampling period by three. Furthermore, knowing that we need at least three control cycles to maintain capacitor voltages around their reference values, we have again subdivided the chopping period by three. We therefore successively apply nine control actions during a chopping period. The choice of the control order sequence depends on the constraints: minimum commutation and using adjacent controls. In fact, due to this division by 9 of the chopping frequency, the switches operate at a classical chopping frequency of the converter, but the load sees a frequency that is 9 times the chopping frequency. This has the advantage of reducing the size of the filtering components at the output of the converter and thus shortening the tuning dynamics. At the same time, the chopping frequency of the switches can be reduced in order reduce the losses due to commutation. One must therefore find a trade off between losses and size of the converter, which goes hand in hand.
Remark 1 : This method is similar to an averaging procedure close to the PWM method but with respect to the 7 reference voltage of the multi-cellular converter instead of averaging with respect to 3 reference voltage for classical converter. However, if we wish to produce a voltage of value -E/3 or E/3 then one must use 3 different control cycles in order to regulate the capacitor's voltages. Similarly, in order to generate a voltage of -2E/3 and 2E/3 one would also need at least 3 cycles. Hence, according to Table 2 , we can derive a control algorithm to maintain the capacitor reference voltages by considering the fact that the current is constant over one sampling period. The control law thus realised is straightforward and intuitive.
Thanks to
To illustrate the order according to which the controls are generated, let us consider the following examples. To obtain this voltage level one must use the control (1, 2, 3, 4) of Table 1 , in order to commute between 0 and E/3. Figure 2 .1 depicts the order of the control sequence that was employed for that purpose, as well as the profile of the output voltage and the control signals. As it can be observed, the required voltage is obtained. To obtain this voltage level (4E/9 (if I ch positive or negative)) one must use the control (2, 3, 4, 5, 6, and 7) in order to commute between E/3 and 2E/3. Figure 2 .2 depicts the order of the control sequence that was employed for that purpose, as well as the profile of the output voltage and the control signals. Again, it can be observed, the required voltage is obtained.
Remark 2 :
In the following section, we are going to use a second order sliding mode controller to control the DCM in order to obtain the desired reference speed (and current). In effect, the voltage which will be computed by the second order sliding mode algorithm will be utilised as a reference signal at the output of the converter which the voltage V s (t) must follow in order to achieve the speed regulation. The aim of the control algorithm that we have proposed is to find the correct switching combination so that the converter will supply the proper voltage reference; that is, as close as possible to that calculated by the sliding mode algorithm on the DCM.
High order sliding modes control
The synthesis of a sliding mode control is done in two steps: firstly, we determine a sliding surface S(x) upon which the control objectives are realised. Next, we derive a control law in order to bring the state trajectory to this output and maintain it there at all time. The resulting control is discontinuous by nature. However, these algorithms did not generate an ideal sliding system and were likely to create local instabilities (chattering). In (Emel'yanov et al., 1986) , Emel'yanov et al., proposed a new family of sliding mode called higher order sliding modes, (see also Levant et al., 1993) . The main characteristics of high order sliding mode is that they act on the high order derivatives of the sliding surface while preserving all the advantages of 1 st order sliding modes and reducing the chattering phenomenon while increasing the precision.
The order of the sliding mode characterise, in particular, the degree of continuity of the dynamics of the system around a neighbourhood of the surface and corresponds to the number of continuous derivatives of the variable to be constrained. For this, control algorithms capable of generating sliding mode at any order must be synthesised. Consider a dynamic system described by (Barbot and Perruquetti 2002 
where:
, f is a class C 1 function, u is the input function and the constraint S is a class C 2 function. By differentiating S with respect to time, t, we have:
S S t x u S t x u f t x u t x S t x u u t u (4)
The aim is to obtain a control u such that the constraint S=0 is verified and 0 S S  is maintained.
The proof of the existence of a solution has been established under the following conditions:
The control u is a bounded function 
u , t then, S(t).u((t)>0 for a finite set of t.
There exist positive constants 
S S  ,
One can find several examples of algorithms ensuring a second order sliding mode in the literature, for example see (Levant 1998) , (Fridman and Levant 1996) , (Levant et al 1993) , (Barbot and Perruquetti, 2002) , (Djemaï and Barbot, 2002) and (Djemai at al., 1999) just to mention a few. Hereafter, the ‹‹Super-Twisting›› algorithm is recalled: 
The main advantage of this algorithm is that it does not require the knowledge of the sign of the derivative of S. In effect, it is very difficult to measure the sign of the derivative of S due to the presence of noise.
Application to the DCM speed control
The main objective of the proposed super twisting control algorithm is to follow the reference speed trajectory. This control only requires the measurement of the engine's rotating speed. An exact robust differentiator will be developed to estimate the acceleration of the engine. The DCM model can be written as follows:
where U, I, L and R are respectively the voltage, the current, the inductance and the coil resistance, represents the motor shaft angular speed, r C the torque and k, J represent respectively the torque constant, the total inertia of the DC Motor. Here, the use of a second order sliding modes control law enables to assign the angular velocity to the desired value, in finite time. Let e be the difference between the current engine speed and the reference speed:
Generally, the most common choice adopted for the function S is a linear combination between the error e and a certain number of its derivatives with respect to time (depending on the relative degree of the system).
Consider the following sliding surface: 
exp t t S t e t e t c t t t t
To calculate the parameters , of the "SuperTwisting" control law, one must calculate the second derivative of S and then choose the constants , K m , K M such as the sliding conditions are verified. Let us assume, for the time being, that the shaft acceleration of the motor is available. By differentiating S once, and using (9), we have:
By identifying (13) with (5), (6), we obtain:
Now, it only remain to calculate the upper bound of gt ; i.e .
The coefficients α, λ, are calculated using (8).
Acceleration estimation
One can show that, after a finite time,
In fact, the differentiating circuit equations can be viewed as a ‹‹Super-Twisting›› controller, converging in final time to the surface 0 :
The discretization of the differentiator is obtained using the Euler's method:
for k=0,1,2; with z(0) = x(0) = z 0 = x 0 =0 and T e is the sampling period.
The proposed acceleration estimator, which is made of a second order sliding mode differentiator, necessitates the computation of two positive constants satisfying inequality (16). To determine these values, the acceleration must be bounded by using the maximum voltage and current of the components.
Remark 3 :
The sign function produces high frequency oscillations close to the sliding surface.
In fact, the ideal condition 0 S S  cannot really be attained in the real system; it oscillates around zero and therefore generates high frequency commutations. To reduce the commutation frequency, the sign function is substituted by the hysteresis function (as depicted in 
Practical implementation and experimental results
In this section, the experimental set-up employed to demonstrate the performances of the proposed controller and to evaluate its feasibility is presented. The experimental set-up is a laboratory model of low power, designed for pedagogic (or education) and research applications. Figure 4 shows a block diagram of the test rig and the four different parts of the model:  The control part is composed of a control electronic board DS1103, based on a floating point DSP (TMS320C31) of 50MHZ working frequency. Its principal interest is to allow the design of the main part of the control algorithm using block diagrams; by using the Matlab-Simulink software. The Real Time Workshop tool is employed in order to provide a rapid and effective way to translate the simulations models into C language; by using an automatic procedure for coding, compilation, link edition and executable files downloaded on the DSP processor.
 The interface part sets the optical isolation and the outputs protection of dSPACE.
A three cells converter is used and its parameters are: 1 2 40 / 400 , 1 , 100 , 30 During the various tests the chopping frequency was set to F d = 2 KHZ, the sampling period was T eh =100 µs, the sign functions have been replaced by a hysteresis function as in (19) . In fact, a better behaviour is experimentally obtained using this function. The tuning of the control coefficients is done via a trade off between accuracy, response time and chattering attenuation. Figure 5 shows the speed response with respect to its relative value. As it can be seen, the speed converges to its reference trajectory. Figure  6 shows the output voltage control by Super-Twisting algorithm and the voltage of the converter output. Figure 7 shows the evolution of the voltage across the floating capacitors. In order reduce the fluctuations of the voltages the value of the capacitors can be increased. Finally, Figure 8 a) and b) shows the speed response when a step is applied. A good converging performance can be observed. De plus, la machine à CC (DC-Motor) est alimenté par le convertisseur multicellulaire, la machine a CC est naturellement réversible (fonctionnement en quatre quadrant) (moteur et freinage), cette réversibilité est liée directement au convertisseur d'où le choix de cette structure permettant un tel fonctionnement.
Conclusion
In this paper, a super twisting control algorithm for the speed control of a DCM connected to a switched controlled multi-cellular converter has been proposed. A detailed description of the switching control algorithm for the multi-cellular converter has been presented. It is shown that the multi-cellular converter is a promising and suitable power system interface for the implementation of sliding mode control laws. Experimental results have allowed us to highlight the advantages and the performances of such a control strategy.
Saadaoui, H., N. Manamanni, M. Djemaï, J.P. Barbot There is a dissociation of the control and power parts, which allowed the development of other control structures while using the same power system structure. It has to be mentioned that the reliability and the simplicity of the dSPACE DSP system and its processing power facilitated considerably the setting up of the rig. 
